In sheep, the elongating conceptus synthesizes and secretes interferon tau (IFNT) as well as prostaglandins (PGs) and cortisol. The enzymes, hydroxysteroid (11-beta) dehydrogenase 1 (HSD11B1) and HSD11B2 interconvert cortisone and cortisol. In sheep, HSD11B1 is expressed and active in the conceptus trophectoderm as well as in the endometrial luminal epithelia; in contrast, HSD11B2 expression is most abundant in conceptus trophectoderm. Cortisol is a biologically active glucocorticoid and ligand for the glucocorticoid receptor (NR3C1 or GR) and mineralocorticoid receptor (NR3C2 or MR). Expression of MR is not detectable in either the ovine endometrium or conceptus during early pregnancy. In tissues that do not express MR, HSD11B2 protects cells from the growth-inhibiting and/or proapoptotic effects of cortisol, particularly during embryonic development. In study one, an in utero loss-of-function analysis of HSD11B1 and HSD11B2 was conducted in the conceptus trophectoderm using morpholino antisense oligonucleotides (MAOs) that inhibit mRNA translation. Elongating, filamentous conceptuses were recovered on Day 14 from ewes infused with control morpholino or HSD11B2 MAO. In contrast, HSD11B1 MAO resulted in severely growth-retarded conceptuses or conceptus fragments with apoptotic trophectoderm. In study two, clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 genome editing was used to determine the role of GR in conceptus elongation and development. Elongating, filamentous-type conceptuses (12-14 cm in length) were recovered from ewes gestating control embryos (n ¼ 7/7) and gestating GR-edited embryos (n ¼ 6/7). These results support the idea that the effects of HSD11B1-derived cortisol on conceptus elongation are indirectly mediated by the endometrium and are not directly mediated through GR in the trophectoderm.
INTRODUCTION
In sheep, the morula stage embryo enters into the uterus on Day 6 (Day 0 is the day of estrus and mating), hatches from the zona pellucida on Day 8, and by Day 12 has developed to an ovoid or tubular form. The ovoid conceptus continues to grow and elongate into a filamentous form, reaching 12-14 cm in length by Day 14 [1, 2] . The elongating conceptus is primarily composed of mononuclear trophectoderm cells lined with endoderm [3] [4] [5] . Blastocyst survival and growth into an elongated conceptus requires secretions of the endometrial luminal (LE) and glandular epithelia (GE) [4, [6] [7] [8] . Changes in endometrial epithelial gene expression during early pregnancy are regulated primarily by progesterone from the corpus luteum and also influenced by interferon tau (IFNT), prostaglandins (PGs), and cortisol from the trophectoderm of the elongating conceptus [6, [9] [10] [11] . IFNT acts on the endometrium to inhibit production of luteolytic pulses of PGF2a, therefore maintaining the corpus luteum and progesterone production [12] . Both the developing conceptus and endometrium synthesize and secrete substantial amount of PGs during early pregnancy. Prostaglandins are important for conceptus elongation in sheep because intrauterine infusion of meloxicam, a selective PTGS2 inhibitor, into the uterine lumen from Days 8 to 14 after mating completely inhibited conceptus elongation [13] .
Hydroxysteroid (11-beta) dehydrogenase 1 (HSD11B1) and cortisol are implicated in regulation of conceptus growth and development in early pregnant sheep [14] . Two isoforms of 11-beta-hydroxysteroid dehydrogenase, HSD11B1 and HSD11B2, act to modulate the actions of glucocorticoids [15] . HSD11B1 is a low-affinity NADP (H)-dependent bidirectional dehydrogenase/reductase for glucocorticoids. The direction of HSD11B1 activity is determined by the relative abundance of NADP þ and NADPH cofactors. In the presence of a high NADPH to NADP þ ratio, which can be generated by hexose-6-phosphate dehydrogenase (H6PD), HSD11B1 acts predominately as a keto-reductase to generate active cortisol from inactive cortisone [16] . In contrast, HSD11B2 is a high-affinity NADPH-dependent unidirectional dehydrogenase that metabolizes cortisol to cortisone. First identified as a candidate progesterone-regulated gene by endometrial microarray analysis, HSD11B1 is expressed specifically in the endometrial LE of the ovine uterus and induced by progesterone and stimulated by IFNT [17, 18] . Although HSD11B2 mRNA was detectable at very low levels in all endometrial cell types during estrous cycle and pregnancy, it was particularly abundant in conceptus trophectoderm [18] . Thus, two isoforms of HSD11B enzymes regulate cortisol regeneration or inactivation in the ovine endometrium and/or conceptus during the peri-implantation stage of pregnancy. HSD11B1 activity was detected in the conceptus, and trophectoderm cells can generate bioactive cortisol from cortisone [19] . Importantly, intrauterine administration of a specific HSD11B1 inhibitor, PF 915275, prevented conceptus elongation [20] . Cortisol can elicit actions on cells via the glucocorticoid receptor (nuclear receptor subfamily 3, group C, member 1 or NR3C1 or GR) and the mineralocorticoid receptor (nuclear receptor subfamily 3, group C, member 2 or NR3C2 or MR). Immunoreactive GR protein is present in all endometrial cells of the ovine uterus during the estrous cycle and pregnancy as well as in the conceptus trophectoderm [13, 17, 18] ; however, expression of MR was not detected in the ovine uterus or conceptus of cyclic or early pregnant sheep.
Available evidence supports the working hypothesis that cortisol, generated by HSD11B1 in the endometrial epithelia and/or trophectoderm, acts via GR in the trophectoderm to regulate conceptus elongation. To test this hypothesis, an in vivo morpholino (MO) loss of function study was conducted to specifically inhibit HSD11B1 or HSD11B2 mRNA translation in the trophectoderm of the developing conceptus. Further, the role of GR in conceptus development and elongation was determined using clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 based genome editing [21, 22] .
MATERIALS AND METHODS

Morpholino Design
Design. Morpholino oligonucleotides were designed and synthesized by Gene Tools. The HSD11B1 morpholino antisense oligonucleotide (MAO) (TCATAAAAGCCATCAGACAGGGATC) was designed to target 25 bp surrounding the initial portion of the ovine HSD11B1 mRNA (GenBank accession no. NM_001009395.1). The HSD11B2 MAO (CCGACGGCC AGGGCCAGCTTTCCAT) was designed to target the first 25 bp of the ovine HSD11B2 mRNA (GenBank accession no. NM_001009460.1). A random oligo 25-N MO was used as a control, which is synthesized with a random base at every position and does not target any known mRNAs or genes (Gene Tools).
Validation. Oligos analogous to the MAO-targeting portion of the ovine HSD11B1 and HSD11B2 mRNA coding sequences (CDS) were synthesized by Integrated DNA Technologies (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org). Oligos were designed to include a 5 0 NheI overhang, a portion of the mRNA to be bound by the MAO, and a 3 0 NheI overhang. The psiCHECK2 dual luciferase (LUC) reporter plasmid (Promega) was digested with the restriction enzyme NheI and subsequently treated with antarctic phosphatase (New England Biolabs). Coding sequence oligos were annealed and ligated into psiCHECK2, upstream and in-frame with LUC, using T4 DNA ligase (Life Technologies). The resulting vectors were sequenced (Washington State University Molecular Biology and Genomics Core) for verification. Human 293T cells were transfected with psiCHECK2:HSD11B1 CDS LUC or psiCHECK2:HSD11B2 CDS LUC vectors using Lipofectamine 2000 (Life Technologies). After 6 h, cells were incubated with 2, 4, or 8 lM HSD11B1 MAO, HSD11B2 MAO, or control MO complexed to the EndoPorter delivery reagent (6 ll/ml; Gene Tools). After 48 h, cell lysates were analyzed for LUC activity using a dual LUC reporter assay system (Promega).
Design and Construction of CRISPR/Cas9 Guide RNAs
Guide RNAs (gRNAs) were designed to regions within Exon 2 of ovine GR that encodes the GR DNA-binding domain using the Cas9 Online Designer (http://cas9.wicp.net). Four gRNAs with the fewest predicted off-targets were selected. Specificity of the designed gRNAs was confirmed by searching for similar ovine sequences containing a protospacer adjacent motif (PAM) domain in GenBank. The selected gRNAs were synthesized as single-strand DNA oligos containing BsmBI restriction enzyme overhangs by Integrated DNA Technologies (Supplemental Table S1 ) and annealed and ligated into pT7-gRNA vector (46759; Addgene) using T4 DNA ligase (Invitrogen). The resulting vectors were sequenced for verification purposes and used as templates for RNA synthesis using the MEGAshortscript kit (Ambion). Wildtype Cas9 mRNA was synthesized from pX330-T7 Wt (42230; Addgene) using mMESSAGE mMACHINE Ultra kit (Ambion) after plasmid digestion with EcoRI. Synthesized RNA was quantified using the Qubit RNA BR assay kit (Life Technologies) and stored at À808C until use. Prior to zygote injection, the four gRNAs were combined to a final concentration of 200 ng/ll and then diluted 1:2 with 200 ng/ll Cas9 mRNA for a final concentration of 100 ng/ll gRNAs and Cas9 mRNA.
Animal Experiments
All the experimental and surgical procedures were approved by the Institutional Animal Care and Use Committee of Washington State University. For both studies, mature Columbia Rambouillet crossbred ewes (Ovis aries) were observed for onset of estrus (designated Day 0). Ewes were mated to an intact ram of proven fertility on Days 0 and 1.
Study one. On Day 8 postmating, ewes (n . 5 per treatment) were subjected to a midventral laparotomy, and a uterine horn ipsilateral to the ovary containing a corpus luteum was ligated and fitted with an osmotic pump containing either 1) random oligo 25-N control MO, 2) HSD11B1 MAO, or 3) HSD11B2 MAO. Each pump contained a total of 100 nmol of the indicated MO complexed with 50 ll of Gene Tools Endo-Porter Aqueous delivery reagent in 2 ml sterile PBS (Hyclone). All the ewes were necropsied on Day 14 postmating. The female reproductive tract was recovered, and the ligated uterine horn gently flushed with 10 ml of sterile PBS (pH 7.2). If present, the state of conceptus development was assessed using a Nikon SMZ1000 stereomicroscope (Nikon Instruments Inc.) fitted with a Nikon DS-Fi1 digital camera. The volume of the uterine flush was measured, and the flush clarified by centrifugation (3000 3 g at 48C for 15 min). The supernatant was carefully removed with a pipette, mixed, aliquoted, frozen in liquid nitrogen, and stored at À808C. Portions of the conceptus were fixed in fresh 4% paraformaldehyde (PFA) in PBS (pH 7.2). After 24 h, fixed tissues were changed to 70% ethanol for 24 h and then dehydrated and embedded in Paraplast-Plus (Oxford Labware). The endometrium was physically dissected from the remainder uterine horn using curved scissors. Endometrial samples as well as any remaining conceptus tissue were frozen in liquid nitrogen and stored at À808C for subsequent RNA extraction.
Study two. Ewes were synchronized to estrus using an Eazi-Breed Controlled Internal Drug Releasing (CIDR) device for 12 days. Superovulation of donor ewes was achieved through twice daily injections of follicle stimulating hormone (FSH) (Bioniche) over a 4-day period from Days 9 to 12 after CIDR insertion. Dosage decreased daily (50, 40, 35 , and 30 mg, respectively). On Day 11, the CIDR was removed, and ewes were administered 15 mg prostaglandin F2 alpha (Lutalyse), and mated to fertile rams at estrus. Embryos were collected from donor females approximately 36 h postestrus. Oviducts were flushed from the uterotubal junction through the fimbriated end with 20 ml embryo flush media (Bioniche). One cell zygotes were identified and isolated with the aid of a dissecting microscope. Recovered embryos were injected with either 100 ng/ll Cas9 mRNA or 100 ng/ll Cas9 mRNA along with 20 ng/ll of each gRNA for a total of 100 ng/ll gRNA. Following microinjection, embryos were cultured to the blastocyst stage and then transferred (three to four per recipient) into the uterus of synchronized recipient ewes. Recipient ewes were synchronized to estrus using procedures similar to those employed for embryo donors except FSH was not administered to induce superovulation. All the recipient ewes were euthanized on Day 14 postmating, and tissues were immediately collected. The uterus was flushed with 20 ml of PBS (pH 7.2), and the number of conceptuses and state of conceptus development was assessed under brightfield illumination using a SMZ1000 photomicroscope fitted with a DS-Fi1 digital camera (Nikon). The volume of the recovered uterine flushing was measured and recorded, and the flushing clarified by centrifugation (3000 3 g at 48C for 15 min). The supernatant was carefully removed with a pipette, mixed, aliquoted, frozen in liquid nitrogen, and stored at À808C. Several sections (;0.5 cm) from the midportion of each uterine horn as well as portions of the conceptus were fixed in fresh 4% PFA in PBS (pH 7.2). After 24 h, fixed tissues were changed to 70% ethanol for 24 h and then dehydrated and embedded in Paraplast-Plus (Oxford Labware). The remaining endometrium was physically dissected from the myometrium using curved scissors, flash frozen in liquid nitrogen, and stored at À808C for subsequent RNA extraction. The remaining conceptus tissue was flash frozen in liquid nitrogen and stored at À808C for subsequent extraction using the AllPrep RNA/DNA/protein extraction kit (Qiagen).
Assessment of GR Editing and Off-Target Effects
A region of GR Exon 2, surrounding the targeted region for gene editing, was amplified from conceptus genomic DNA using TaKaRa Ex Taq proofreading DNA polymerase (Clontech) and long-range PCR primers (Supplemental Table S1 ). Additional regions of the ovine genome were selected to screen for off-target effects based on their complementariness to the gRNAs, genomic location, expression in the Day 14 conceptus, and possession of a similar PAM sequence. All the PCR amplified regions were separated on an agarose gel and extracted using the QIAquick Gel Extraction Kit (Qiagen). Single, isolated products were used as a template for Sanger sequencing.
Microinjection, Culture, and Transfer of Ovine Zygotes
In vitro synthesized mRNA coding for Cas9 (100 ng/ll) and four GRtargeting gRNAs (100 ng/ll) were injected into the cytoplasm of zygotes recovered 36 h postestrus using a FemtoJet microinjector (Eppendorf). In vitro synthesized Cas9 mRNA only (100 ng/ll) was injected into some zygotes as a control. Microinjection was performed in M199 holding media-10.6 mg/ml M199 Hanks (Sigma), 0.6 mg/ml HEPES (Gibco), 0.35 mg/ml NaHCO 3 (Fisher), 10% fetal bovine serum (Hyclone), and 0.05 mg/ml gentamicin (Sigma)-on the heated stage of a Nikon Eclipse Ti inverted microscope (Nikon). Injected zygotes were then transferred to EVOLVE media-KSOMaa BROOKS ET AL. EVOLVE (Zenith Biotech) with 4 mg/ml Probumin BSA, and 0.05 mg/ml gentamicin (Invitrogen)-under mineral oil (Irvine Scientific) for culture at 38.58C in an atmosphere of 5% CO 2 /5% O 2 /90% N 2 until transfer. Blastocysts were surgically transferred into the uterus of recipient ewes on Day 9 postestrus.
Quantification of IFNT in the Uterine Flush
The amount of IFNT in the uterine flush was determined by Western dot blot analysis as previously described using an antibody that is specific for IFNT [23] . A sample of the uterine flush (100 ll) from each ewe was diluted to 200 ll final volume with 50 mM Tris and 150 mM NACL (TBS). A nitrocellulose membrane (GE Healthcare-Life Sciences) presoaked with TBS was loaded into a BioRad dot blot apparatus backed by Whatman filter paper. Wells were subsequently washed with 200 ll TBS prior to addition of the diluted uterine flush sample and then rinsed with 200 ll TBS. The membrane was allowed to air dry and then blocked in 5% (wt/vol) milk/TBS with 0.1% Tween 20 (TBST) for 1 h at room temperature. The membrane was then incubated in primary rabbit anti-ovine IFNT serum [24] at 1:1000 dilution in 5% milk/TBST overnight at 48C The blot was then washed for 30 min in TBST followed by incubation with goat anti-rabbit immunoglobulin G horseradish peroxidase conjugate (Thermo Scientific) at 1:5000 diluted in 5% milk/TBST for 1 h at room temperature. The blot was washed again for 30 min in TBST. Immunoreactive IFNT was detected using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) and quantified with a ChemiDoc MP system and Image Lab 4.1 software (BioRad). The data are expressed as total relative amount of IFNT in the uterine flush determined by adjusting for the recovered volume of uterine flushing.
Quantification of PGs in the Uterine Flush
Prostaglandins in the uterine flush were measured by sensitive enzyme immunoassay from Cayman Chemical (514012) as described previously [19, 25, 26] . The antiserum used in this assay exhibits high cross-reactivity for most PGs, which allows quantification of all the PGs in a given sample with a single assay (Cayman Chemicals). Total PGs in the uterine flush were measured according to the manufacturer's recommendations in a single assay with a sensitivity of 15.63 pg/ml. The data are expressed as total amounts of PGs as determined by adjusting for the recovered volume of the uterine flush.
Quantification of Cortisol in the Uterine Flush
Quantification of cortisol in the uterine flush was assessed by sensitive enzyme immunoassay from Cayman Chemical (500360) as described previously [19, 20] . Total cortisol in the uterine flush was measured according to the manufacturer's recommendations in a single assay with a sensitivity of 6.55 pg/ml. The data are expressed as total amounts of cortisol as determined by adjusting for the recovered volume of uterine flush.
Endometrial Total RNA Isolation and Real-Time PCR Analysis
Total RNA was isolated from frozen endometrial samples using Isol-RNA lysis reagent (5 Prime). To eliminate genomic DNA contamination, extracted RNA was treated with DNase I and purified using RNeasy MinElute cleanup kit (Qiagen). The quantity and purity of total RNA were determined by spectrometry. Total RNA (1 lg) from each sample was reverse transcribed in a total reaction volume of 20 ll using iScript RT supermix (Bio-Rad). Reverse transcription was performed as follows: 5 min at 258C, 30 min at 428C, and 5 min at 858C. Control reactions in the absence of reverse transcriptase were prepared for each sample to test for genomic DNA contamination. The resulting cDNA was stored at À208C for further analysis.
Real-time PCR was performed using a CFX384 Touch Real Time System with SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). Previously published primers for CXCL10, CTSL1, GAPDH, GRP, IGFBP1, ISG15, LGALS15, RSAD2, SLC2A1, SLC5A1, and SLC7A2 were used [13] , and primers for ovine ACTB and RPL19 were designed and synthesized by Integrated DNA Technologies (Supplemental Table S1 ). Each sample was analyzed in duplicate with the following conditions for 40 cycles: 958C for 30 sec, 958C for 5 sec, and 608C for 30 sec. A dissociation curve was generated at the end of amplification to ensure that a single product was amplified. PCR reactions without template and template substituted with total RNA were used as a negative control to verify the experimental results. The threshold line was set in the linear region of the amplification plot above the baseline noise, and quantification cycle (Cq) values were determined as the cycle number in which the threshold line intersected the amplification curve. Ovine GAPDH, ACTB, and RPL19 were used as reference genes.
Immunohistochemistry
Fixed conceptuses were embedded in paraffin wax and sectioned with a microtome (8 lm). Sections were mounted on slides, deparaffinized in xylene substitute, and rehydrated in a graded alcohol series. Sections were then submitted to hematoxylin and eosin (H & E) staining (Scytek), immunohistochemistry, or terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) apoptosis assay. For immunohistochemistry, antigen retrieval was performed by incubating sections affixed to slides for 10 min in boiling 10 mM citrate buffer (pH 6.0). After cooling to room temperature, sections were incubated with 10% normal goat serum in PBS (pH 7.5) for 10 min at room temperature and then overnight at 48C with rabbit antiKi67 immunoglobulin G (ab66155; Abcam) at 1.2 lg/ml in 1% BSA in PBS (pH 7.5). Sections were washed in PBS and incubated with biotinylated secondary antibody at 5 lg/ml (PK-4001; Vector Laboratories) for 1 h at 378C. Immunoreactive Ki67 protein was visualized using Vectastain ABC kit (Vector Laboratories) using diaminobenzidine tetrahydrochloride as the chromogen. Sections were counterstained with hematoxylin, and coverslips were affixed to slides with Permount mounting medium (Fisher Scientific). Images of representative fields were recorded using a Nikon Eclipse 90i model photomicroscope fitted with a DS-Ri1 digital camera.
TUNEL Apoptosis Assay
Apoptosis was assessed using a TUNEL assay (G3250; Promega) according to the manufacturer's instructions for paraffin-embedded tissue with slight modification. Briefly, sections were rehydrated and fixed in 4% methanol-free PFA in PBS for 15 min at room temperature. The tissue was permeabilized with proteinase K for 8 min, washed with PBS, and fixed in PFA. Slides were then covered with equilibration buffer (Promega) for 5-10 min at room temperature followed by incubation with TdT incubation buffer (containing TdT and nucleotide mix; Promega) for 1 h at 378C in a humidified chamber. The reaction was terminated by submersion of slides in 23 saline sodium citrate (Promega) for 15 min at room temperature. The sections were washed with PBS and coverslips applied using Vectashield mounting media with 4 0 ,6-diamidino-2-phenylindole (Vector Laboratories). Images of representative fields were recorded using a Nikon Eclipse 90i model photomicroscope fitted with a DSRi1 digital camera. Brightfield and epifluorescent (4 0 ,6-diamidino-2-phenylindole and fluorescein isothiocyanate) images were collected using NIS Elements BR 3.2 software (Nikon). Background fluorescence was corrected based on fluorescein isothiocyanate intensity of positive control slides produced by DNase I (Qiagen) treatment according to TUNEL assay instructions (Promega).
GR Activation Enzyme-Linked Immunosorbent Assay
The DNA-binding activity of GR in Cas9-and GR-edited conceptuses was measured using a GR ELISA kit (EK1060; Affymetrix-Panomics) according to manufacturer's instructions. Briefly, total cellular protein was isolated from conceptuses in RLT buffer (Qiagen) by acetone precipitation. The extracted protein (10 lg) was incubated with the provided GR-specific probe for 30 min, allowing activated GR molecules to bind the GR consensus binding site on the biotinylated oligonucleotide (GR probe). Oligonucleotides were then immobilized on a streptavidin-coated 96-well plate. GR-bound oligonucleotide were detected by GR primary antibody, and detection was quantified using a horseradish peroxidase-conjugated secondary antibody that reacts with the tetramethylbenzidine substrate to provide a sensitive colorimetric readout that was quantified by spectrophotometry at 450 nm.
Statistical Analysis
All the quantitative data were subjected to least-squares analyses of variance (ANOVA) using the General Linear Models procedures of the Statistical Analysis System (SAS Institute Inc.). For analyses of real-time PCR data, GAPDH, ACTB, and RPL19 values were used as covariates. Data are expressed as fold change relative to endometria from control MO infused sheep. Error terms used in test of significance were identified according to the expectation of the mean squares for error. Significance (P , 0.05) was determined by probability differences of least-squares means.
HSD11B1 REGULATES CONCEPTUS ELONGATION
RESULTS
Study One: Effect of HSD11B1 and HSD11B1 Inhibition by MAO
MAOs were designed to inhibit translation of either ovine HSD11B1 or HSD11B2 mRNAs. The effectiveness of each MAO to inhibit translation of the target mRNA was assessed in vitro using HEK 293T cells transiently transfected with a LUC reporter construct possessing the targeted MAO-binding sequence upstream of renilla luciferase (HSD11B1 CDS-LUC or HSD11B2 CDS-LUC). As illustrated in Figure 1 , treatment of cells with HSD11B1 MAO or HSD11B2 MAO inhibited (P , 0.01) LUC reporter activity, whereas the control MO had no effect (P . 0.10) on activity.
HSD11B1, but Not HSD11B2 MAO Inhibits Bovine Conceptus Elongation
Following in vitro validation, in vivo loss of function studies were conducted to determine the effect of HSD11B1 and HSD11B2 MAO on conceptus elongation in sheep. This approach is based on previous studies demonstrating that labeled MOs are effectively delivered to the mononuclear trophectoderm cells of the conceptus after in utero administration [27, 28] . This approach has been used to understand the biological roles of multiple proteins (enJSRVs envelope, SLC7A1, IFNT and IFNAR1/2, PPARG, and PPARD) in conceptus elongation and trophectoderm development in sheep [25] [26] [27] . In this study, MOs were constantly infused into the uterine lumen beginning on Day 7 postmating using implanted osmotic pumps, which is preferred over bolus administration based on our recent study [25] .
As summarized in Table 1 and shown in Figure 2 , conceptuses (n ¼ 13) recovered from ewes receiving intrauterine infusions of control MO were elongated and filamentous (12-14 cm in length), consistent with normal gross morphology of conceptuses from Day 14 pregnant ewes [29, 30] . Similarly, conceptuses (n ¼ 6) recovered from HSD11B2 MAO-infused ewes were elongated and filamentous. In contrast, no conceptus (n ¼ 3), conceptus fragments (n ¼ 2), or a growth-retarded conceptus (n ¼ 1) was recovered from the uterus of ewes (n ¼ 6) infused with HSD11B1 MAO. Histological examination found that conceptuses recovered from ewes infused with control MO contained mononuclear trophectoderm cells lined with endoderm (Fig. 2) . In contrast, those conceptuses receiving HSD11B1 MAO lacked distinct mononuclear trophectoderm cells or endoderm. Conceptuses recovered from ewes receiving HSD11B2 MAO possessed distinct trophectoderm cells with some of those cells containing large vacuoles.
Proliferation of the mononuclear trophectoderm cells is a primary driver of conceptus elongation in ruminants [31] . Analysis of cell proliferation in the conceptuses was conducted by immunostaining for Ki67, a nuclear protein and marker of cell proliferation [32] . Abundant Ki67 protein was observed in the nuclei of most mononuclear trophectoderm cells in the elongated, filamentous conceptuses from ewes infused with control MO and HSD11B2 MAO (Fig. 2) . The growthretarded, malformed conceptuses from HSD11B1 MAOinfused ewes also contained cells positive for Ki67. Apoptosis in the conceptuses was assessed using a fluorometric TUNEL assay [33, 34] . Apoptotic trophectoderm cells were very low in elongated, filamentous conceptuses from control MO and HSD11B2 MAO-infused ewes, but were particularly prevalent in the malformed conceptuses recovered from HSD11B1 MAO infused ewes (Fig. 2) .
Inhibition of HSD11B1 and HSD11B2 Reduces IFNT in the Uterine Lumen and Decreases Expression of Genes in the Endometrium Related to Conceptus Elongation and Implantation
The trophectoderm cells of the elongating conceptus synthesize and secrete PGs and IFNT; therefore, the abundance of these factors in the uterine lumen can be used as an indirect 
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measure of conceptus development and viability as well as trophectoderm cell number [13, [35] [36] [37] . Consistent with retarded conceptus growth and/or abnormal trophectoderm morphology, IFNT was substantially lower (P , 0.05) in the uterine lumen of ewes infused with HSD11B1 MAO as well as HSD11B2 MAO as compared to those infused with the control MO ( Table 1 ). The amount of PGs and cortisol present in the uterine lumen of HSD11B1 MAO and HSD11B2 MAOinfused ewes was not different (P . 0.10) compared to ewes infused with control MO.
Between Days 10 and 12 postestrus/mating, a number of elongation-and implantation-related genes are induced by progesterone in the LE and GE of the endometrium [10, 23, 38, 39] . Those genes encode proteins that are secreted or transport specific nutrients (amino acids, glucose) into the uterine lumen and are hypothesized to regulate trophectoderm functions . Conceptus morphology was examined using a stereomicroscope. Portions of the conceptuses were then fixed in PFA, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E). The inset in the upper left corner is a higher magnification (403) photomicrograph of the conceptus. Cell proliferation was assessed by immunostaining for Ki67 protein, and sections were lightly counterstained with hematoxylin. A fluorometric TUNEL assay was performed to detect apoptotic cells in sections of the conceptus. Data are representative of conceptuses from all ewes. Bars ¼ 100 lm.
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important for conceptus elongation. These genes are further stimulated by IFNT and/or PGs from the ovine conceptus between Days 12 and 14 of early pregnancy (for a review, see [14] ). In addition, a large number of classical Type I IFNstimulated genes (ISGs) are induced by IFNT predominantly in the uterine stroma and GE [40] [41] [42] [43] . As illustrated in Figure 3 , the abundance of classical Type I ISG mRNA (CXCL10, ISG15, RSAD2) was substantially lower (P , 0.01) in the endometrium of ewes infused with HSD11B1 MAO or HSD11B2 MAO as compared to those receiving control MO. Other elongation-and implantation-related genes (GRP, IGFBP1, LGALS15) were differentially decreased (P , 0.05) in the endometria of HSD11B1 MAO and HSD11B2 MAO as compared to control MO ewes. However, SLC2A1, SLC2A5, and SLC2A7 mRNA levels were not different (P . 0.10) in the endometrium of ewes receiving HSD11B1 MAO or HSD11B2 MAO as compared to control MO (data not shown).
Study Two: CRISPR/Cas9-Mediated Genome Editing in the Ovine Conceptus
Recent advances in the bacterial CRISPR/Cas9 system has enabled precise editing of mammalian genomes [22] . Originally adapted from prokaryotes where it is used as a defense mechanism [44] , the CRISPR/Cas9 system requires three components: 1) a RNA containing a region complementary to the target sequence (crRNA); 2) a RNA containing a region complementary to the crRNA (tracrRNA); and 3) Cas9 nuclease, the enzymatic protein which will cleave the DNA [45] . Commonly, a single gRNA, designed adjacent to an essential PAM sequence is constructed to serve the roles of both crRNA and tracrRNA. The gRNA/Cas9 complex scans the genome and catalyzes a double-strand break (DSB) at regions that are complementary to the gRNA. Increased specificity in DSB induction comes from the necessity of the PAM sequence. Genome editing through the use of wild-type Cas9 can either cause random mutations or, through the use of multiple gRNAs, can cause deletions by nonhomologous end joining following DSB repair.
Targeting of GR
Results of the HSD11B1 and HSD11B2 loss-of-function studies in study one, as well as another recent study [20] , support the idea that the interconversion of cortisol and cortisone by HSD11B1 and HSD11B2 in the trophectoderm plays a role in conceptus development. Because the developing ovine conceptus does not express the MR, the actions of cortisol are hypothesized to act through the GR [46] . Four different gRNAs targeting the DNA-binding region of ovine GR, encoded by Exon 2 of the GR gene, were designed to direct Cas9-induced DNA editing and repair resulting in nucleotide deletion through homologous recombination and/or frame shift mutations (Fig. 4A) . The targeted region was selected based on read mapping of GR mRNA of the Day 14 conceptus (GSE58967) to Ensembl genomic sequence (Oar_v 3.1.75) (Fig. 4A) . The potential for alternative exon usage made targeting Exon 2 a more desirable choice for inducing editing that would be retained in the final protein product. Conceptuses were recovered from recipient ewes receiving either Cas9 mRNA only or GR targeting gRNAs along with Cas9 mRNA. DNA was isolated from recovered conceptuses, and the targeted region of GR was amplified and Sanger sequenced. Amplification of the targeted region produced two distinct PCR products in the GR-edited conceptuses (n ¼ 5). For these conceptuses, both PCR products were sequenced and biallelic deletions were detected. In the remaining (n ¼ 2) conceptuses, differences in sequence mutations were not distinguishable between the two alleles. Representative sequencing results from the edited conceptuses are shown in Figure 4B . All seven control conceptuses (Cas9 only) and one GR-targeted conceptus had no sequence alterations. However, the other six GR-targeted conceptuses were edited (Fig. 4B) . As shown in Figure 4C , the inferred amino acid sequence based on sequencing analysis of genomic DNA from the edited conceptuses predicted that the GR editing caused either a frame shift mutation resulting in a premature stop (mutant 2 and 4), deletion of the essential zinc finger portion of the DNA binding domain (mutant 1 and 5), or frame shift mutation (mutant 3 and 6). Potential off-target modifications (Supplemental Table S2 ), screened for each gRNA, were not detectable in the recovered conceptuses (data not shown).
All the conceptuses recovered from ewes receiving blastocysts derived from zygotes injected with Cas9 only were elongated and filamentous (n ¼ 7), consistent with the morphology of Day 14 conceptuses recovered from normal pregnant ewes (n ¼ 9) ( Table 2 and Fig. 5 ). Further, conceptuses recovered from ewes receiving blastocysts derived from zygotes injected with gRNAs and Cas9 to edit Exon 2 of the GR gene were also elongated and filamentous (n ¼ 6). Histological analysis found no detectable differences in the trophectoderm cells and underlying endoderm of GR-edited conceptuses compared to Cas9 control or normal conceptuses (Fig. 5) . Analysis of cell proliferation in the conceptuses was conducted by immunostaining for Ki67. Ki67 protein was abundant in the nuclei of most mononuclear trophectoderm cells in the elongated, filamentous conceptuses from ewes receiving either Cas9 control or GR-edited embryos (Fig. 5) . Apoptosis in the conceptuses was assessed using a fluorometric TUNEL assay. As expected, apoptotic trophectoderm cells were sparse in the modified conceptuses and comparable to that seen in the normal conceptuses (Fig. 5) . A sensitive GR ELISA kit was used to quantify activation of GR in wild-type and GRedited conceptuses (Fig. 6) . The GR-edited conceptuses contained very low to no GR activity as compared to the Cas9 control conceptuses.
Consistent with conceptus development and morphology, no differences in total amounts of IFNT, PGs, or cortisol was observed in the uterine flush (Table 2) . Further, the levels of CXCL10, CTSL, GRP, IGFBP1, ISG15, LGALS15, RSAD2, SLC2A1, SLC2A5, and SLC2A7 mRNA were not different (P . 0.10) in the endometrium of ewes with elongated GR-edited conceptuses compared to those with elongated Cas9 control or normal conceptuses (data not shown).
DISCUSSION
In the present study, in utero MAO and CRISPR/Cas9 genome editing loss-of-function studies found that HSD11B1, but not HSD11B2 or GR, is an essential regulator of conceptus elongation and trophectoderm survival. These results support the hypothesis that factors from the endometrium (PGs and cortisol) as well as from the conceptus (IFNT and PGs) coordinately regulate conceptus elongation during early pregnancy in sheep [10, 14] . We previously reported that infusion of PF 915275, a selective pharmaceutical inhibitor of HSD11B1, into the uterus from Days 10 to 14 of pregnancy inhibited conceptus elongation [20] . However, that study could not discern the specific role of HSD11B1 in the conceptus trophectoderm because HSD11B1 is expressed and active in the endometrial LE and conceptus trophectoderm [18, 19] . Thus, study one utilized MAO to conduct a loss-of-function BROOKS ET AL. HSD11B1 REGULATES CONCEPTUS ELONGATION study in the trophectoderm because the infused MAO are primarily delivered to the conceptus and have effects on mRNA translation in utero [27] . Morpholino oligos are short chains of MO subunits designed specifically to block FIG. 4 . Design and effect of CRISPR gRNAs targeting the ovine GR for genomic editing. A) Read mapping of GR mRNA from the Day 14 conceptus is presented relative to the ovine GR gene. The region of Exon 2 encoding the GR DNA binding was selected for editing (depicted in red in B and C). Superovulated ewes were bred at estrus (n ¼ 5), and one-cell zygotes were recovered 36 h postmating. Zygotes were injected with either wild-type Cas9 RNA alone or wild-type Cas9 RNA along with four gRNAs, targeting the ovine GR. Injected zygotes were developed to the blastocyst stage in culture and then transferred to Day 8 recipient ewes. Conceptuses were recovered on Day 14. B) DNA was isolated from recovered from all conceptuses, and the targeted region of GR was amplified and Sanger sequenced. All but one of the GR-targeted conceptuses had alterations in the GR gene. C) Sequence analysis for that six of the GR-targeted conceptuses were edited, causing either a premature stop (mutant 2 and 4), deletion of the essential zinc finger portion of the DNA-binding domain (mutant 1 and 5), or frame-shift mutation (mutant 3 and 6).
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translation of target RNAs through RNase H-independent steric interference [47] . They consist of a nucleic acid base, a morpholine ring, and a nonionic phosphorodiamidate intersubunit linkage [48] . The results of study one support the idea that HSD11B1 is required for trophectoderm survival and conceptus elongation. Conceptuses recovered from ewes receiving HSD11B1 MAO were severely growth retarded and malformed, likely due to the increased levels of apoptosis observed in the trophectoderm. The substantially reduced amount of IFNT in the uterine lumen is consistent with conceptus morphology and reduced number and viability of trophectoderm cells [49, 50] . As expected, reduced IFNT levels in the uterine lumen were accompanied by decreased expression of classical type I ISGs and elongation-and implantation-related genes in the endometrium [10, 50, 51] . Levels of cortisol and PGs within the uterine lumen were not different between treatment groups, but those factors are also synthesized and secreted by the endometrial LE in both uterine horns [18, 20, 52] .
Glucocorticoids are essential for the maintenance of cellular homeostasis in many tissues and enable physiological responses to manage physical and emotional stress [53] ; regulate carbohydrate and protein metabolism as well as exert complex effects on lipid deposition and degradation [54] ; regulate immune and inflammatory processes as well as host defense [55, 56] ; and exhibit complex effects on target tissues, exerting a spectrum of outcomes including both positive and negative effects on cell growth. Glucocorticoids binding and activation of GR elicits modulation of gene transcription within the nucleus [57, 58] . Given that GR is expressed in the both the conceptus trophectoderm and endometrium, the prevailing hypothesis is that cortisol from the conceptus trophectoderm acts via GR to regulate genes important for conceptus elongation [18] . In fetal membranes, GR stimulates a number of genes implicated in regulation of cell growth, differentiation, and apoptosis as well cellular metabolism, signal transduction, and membrane transport [59] [60] [61] [62] . In the ovine uterus, intrauterine infusion of cortisol stimulated the expression of a number of elongation-and implantation-related genes in the endometrium that are implicated in regulation of conceptus elongation via effects on the trophectoderm [20] .
Study two was conducted to determine the biological role of GR in conceptus survival and elongation. The structure of the 5 0 end of the ovine GR mRNA prohibits MAO loss-of-function studies. Thus, we utilized the novel CRISPR/Cas9 system that enables precision genomic editing (for a review, see [21] ). The ease of CRISPR/Cas9 design over zinc finger nucleases and transcription activator-like effector nucleases has made it a preferred editing method [63] . The injection of four gRNAs was effective in stimulating Cas9 editing of the ovine GR gene in zygotes, resulting in conceptuses with a GR loss-of-function mutation based on DNA sequencing and analysis of GR activity. Collectively, results from that study do not support the hypothesis that GR in the conceptus regulates conceptus elongation because GR-edited conceptuses were developmentally, morphologically, and biochemically normal as compared to control Cas9 conceptuses. Thus, HSD11B1-generated cortisol from the trophectoderm and endometrium does not regulate trophectoderm survival and conceptus elongation via GR in the conceptus trophectoderm itself. Rather, these studies support the idea that cortisol from the conceptus trophectoderm and endometrial LE acts in a paracrine and autocrine manner, respectively, on the endometrial LE to regulate expression of elongation-and implantation-related genes that, in turn, regulate trophectoderm survival and proliferation for conceptus elongation. Indeed, intrauterine infusion of cortisol at early pregnancy levels was found to stimulate expression of elongation-and implantation-related genes that are important regulators of trophectoderm cell growth and differentiation [64, 65] .
Unlike HSD11B1, which has both dehydrogenase and reductase activity depending on the abundance of NADPH, HSD11B2 unidirectionally converts cortisol to cortisone [66] [67] [68] . In tissues expressing the MR, HSD11B2 is thought to protect the MR from cortisol binding, allowing aldosterone to bind the nonselective receptor. Although the conceptus does not express MR (T.E. Spencer, unpublished results, and GEO GSE58967), HSD11B2 is expressed in the trophectoderm of the elongating ovine conceptus [18] . In the placenta, HSD11B2 serves as a barrier to limit exposure of the fetus to maternal glucocorticoids [69, 70] and is implicated as a regulator of trophoblast invasion during early pregnancy in humans [71] . In study one, conceptus elongation and development appeared unaffected in HSD11B2 MAO-infused ewes based on gross morphology. However, histological analysis of the conceptus and biochemical analysis of the uterine luminal fluid indicated that HSD11B2 loss did affect the conceptus. The conceptuses were elongated, but IFNT production by those conceptuses was lower, as evidenced by less IFNT protein in the uterine lumen. Likewise, the endometrium had lower levels of IFN-stimulated gene expression in those ewes. Furthermore, many of the trophectoderm cells from the HSD11B2 MAO-infused ewes appeared to be vacuolated in the histological analyses. Of note, pituitary tumors from Cushing's disease patients often reveal extensive cellular vacuolization, presumably an indicator of high cellular cortisol levels in those tissues [72] . In vitro studies have shown a correlation between cellular stress and the size and number of cytoplasmic lipid vacuoles in cells under normal or pathological conditions [73] . Accordingly, the vacuoles observed in the HSD11B2 MAO conceptuses may be the result in increased intracellular cortisol levels due the lack of HSD11B2 to convert cortisol to cortisone.
Studies in humans and mice have implicated HSD11B2 in regulation of placental and fetal growth. Decreased HSD11B2 activity in the human placenta has been associated with intrauterine growth restriction [70, 74] . Similarly, Hsd11b2-null mice give birth to lower weight pups compared to wildtype littermates [75] . A study of extremely small birth weight infants (born weighing under 1 kg) also found a correlation between placental HSD11B2 activity and birth weight [76] . 
HSD11B1 REGULATES CONCEPTUS ELONGATION
Additional studies reported an association between elevated cortisol concentrations in maternal urine and decreased birth weight, consistent with decreased placental cortisol metabolism [77] . These results imply that exposure of the fetal tissues to BROOKS ET AL.
cortisol by metabolism at the maternal-fetal interface after placentation may have a more pronounced effect on fetal development than during the peri-implantation period of conceptus attachment and trophoblast invasion. In summary, these studies support the ideas that 1) HSD11B1 in the ovine trophectoderm is important for conceptus elongation, 2) GR in the conceptus trophectoderm does not mediate the effects of cortisol, and 3) HSD11B1 in the trophectoderm and endometrial epithelia generates cortisol that acts via GR in the endometrium to regulate expression of genes important for trophectoderm survival and proliferation during conceptus elongation.
